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Abstract. Plasmonic structures are renowned for their capability to efficiently convert light into 
heat at the nanoscale. However, despite the possibility to generate deep sub-wavelength 
electromagnetic hot spots, the formation of extremely localized thermal hot spots is an open 
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challenge of research, simply because of the diffusive spread of heat along the whole metallic 
nanostructure. 
Here we tackle this challenge by exploiting single gold nanocones. We theoretically show how these 
structures can indeed realize extremely high temperature gradients within the metal, leading to 
deep sub-wavelength thermal hot spots, owing to their capability of concentrating light at the apex 
under resonant conditions even under continuous wave illumination. A three-dimensional Finite 
Element Method model is employed to study the electromagnetic field in the structure and 
subsequent thermoplasmonic behaviour, in terms of the three-dimensional temperature 
distribution. We show how the latter is affected by nanocone size, shape, and composition of the 
surrounding environment. Finally, we anticipate the use of photoinduced temperature gradients 
in nanocones for applications in optofluidics and thermoelectrics or for thermally induced 
nanofabrication. 
1. Introduction 
When electromagnetic (EM) radiation is incident upon a plasmonic nanostructure, it is either 
absorbed by the nanostructure or scattered back to the surrounding environment. A substantial 
portion of the absorbed EM energy eventually becomes heat owing to the thermoplasmonic 
property of the nanostructure [1]. This property, that depends on size, shape and material 
composition of the nanostructure, defines its capability to convert EM radiation into heat. The 
generated heat is then dissipated, first in the nanostructure and, on a longer time scale, into the 
surrounding environment, turning the plasmonic nanostructure into a nanosource of heat [1] and 
enabling practical applications such as photothermal cancer treatment [2], thermally driven 
chemical synthesis [3], photo-catalysis and water splitting [4], solar assisted steam generation [5] 
and micro-and nano-optofluidics [6, 7]. 
These applications often employ continuous wave (CW) illumination [2–11] which presents 
experimental and theoretical simplifications with respect to pulsed illumination [12]. 
Experimentally, solar illumination [5] or CW lasers are typically employed [9–11] whereas, from a 
theoretical point of view, the CW illumination simplifies the calculation of the temperature 
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distribution through the use of a steady-state analysis [13, 14]. In this respect, the actual steady-
state temperature distribution in the nanostructure and in the surrounding environment is 
governed by the balance between the absorbed incoming EM energy and the outgoing heat transfer 
to the environment [13]. 
The size, shape and material composition of the plasmonic nanostructures strongly influence 
the heat generation which can be highly non-uniform and spatially localized at the nanoscale [8, 
13–16]. One of the proposed ways to generate strong spatially localized heating involves 
nanostructures with strong localized enhancement of the EM near field, i.e. EM hotspots [13]. 
However, despite the localized heating, as the thermal conductivity of the plasmonic material is 
typically much higher than the thermal conductivity of the surrounding environment, the steady-
state spatial temperature distribution becomes approximately uniform all over the plasmonic 
nanostructure in a very short time [12, 17]. Therefore, upon CW illumination of single 
nanostructures, large temperature inhomogeneities featuring spots with strongly localized 
temperature, i.e. thermal hotspots, do not usually occur [14, 17]. Nevertheless, the generation of 
thermal hotspots under CW illumination can be achieved either by designing arrangements of 
multiple nanostructures [10, 18–20] or by employing an extremely focused laser beam for 
localizing the EM field in a small region of an extended (large) nanostructure [17]. 
Here we propose a different approach aiming to the realization of a non-uniform temperature 
distribution within single sub-wavelength plasmonic nanostructures under CW illumination by 
fully exploiting the role of the electromagnetic resonances of the nanostructure and their 
associated generated heat. Among the large variety of possible nanostructure shapes, metallic 
cones [21] are emblematic plasmonic nanostructures for concentrating EM energy in a single 
hotspot localized at their apex [22]. This characteristic has been exploited for example in precise 
molecular sensing applications through Tip-Enhanced Raman Spectroscopy (TERS) techniques 
[23–25]. In the present study, this characteristic is in turn employed to generate a strong heat 
source located at the cone apex under particular EM resonant conditions (i.e., a resonance spatially 
localized at the apex), hence simplifying the thermoplasmonic configuration with a single dominant 
heat source (as opposed to distributed heat sources along the cone body and base). Furthermore, 
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owing to the capability of conical structures to confine light and heat in a specific volume (i.e., the 
apex), we aim at generating sufficiently large temperature gradients for temperature-dependent 
applications. 
As analytically solving the EM scattering problem for a cone is challenging [26], its EM 
properties have been typically studied through numerical simulations, for example by adopting the 
Finite-Difference Time Domain (FDTD) method [27–29] or the Finite Element Method (FEM) [30]. 
Similarly, the associated photothermal effects have been studied both analytically [31–33] and 
numerically, the latter case addressed by the Boundary Element Method (BEM) [32], FDTD [21] 
and FEM [34–36]. Some of these modeling studies [21, 33–36] have observed temperature 
inhomogeneities in conical structures with dimension over the diffraction limit (µm-long tips), 
where the inhomogeneities are usually considered negligible to affect the addressed applications 
[22, 24]. Similarly, recent sensing applications [30, 37] based on arrays of ∼ 100 nm-long 
nanocones [38–40] have leveraged on the excitation of the characteristic EM hotspots of the 
nanocones while the study of their associated thermoplasmonic response was not addressed. 
In this work we investigate the steady-state thermoplasmonic response of a single free-
standing sub-wavelength nanocone embedded in different media under CW illumination through 
threedimensional (3D) FEM modeling. In order to guarantee the robustness of our model, a 
validation step was first performed by comparing an analytically solvable case with our 3D FEM 
numerical results, having taken the well-known case [1, 13, 17] of a gold nanosphere under CW 
illumination as a benchmark. The validated 3D FEM model was then employed to calculate the EM 
field distribution, the heat generation density and the corresponding temperature distributions 
inside and outside gold nanocones with several realistic dimensions under CW illumination at 
visible and near-infrared wavelengths. In particular, we have investigated the influence of the 
nanocone geometrical parameters and surrounding environment (thermal conductivity) on the 
thermoplasmonic properties under an incident plane wave linearly polarized along the nanocone 
axis. We show how the appearance of a thermal hotspot at the apex is linked with the appearance 
of an apex EM resonance with a corresponding adequate heat source density, all especially boosted 
by the conical geometry. Finally, the presence of the highly localized strong thermal hotspot 
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naturally induces a sustained geometry-dependent apex-to-base temperature gradient along 
nanocones even with sub-wavelength dimensions. 
2. Model and Geometry 
2.1. Model Equations 
To study the thermoplasmonic response of plasmonic nanocones, we consider a FEM modeling 
domain encompassing the metallic nanostructure and the surrounding dielectric. The governing 
equations are numerically solved in the modeling domain using a commercial FEM solver, COMSOL 
Multiphysics, with appropriate boundary conditions (see Methods). The electric field inside and 
outside the nanostructure is obtained by solving the EM scattering problem [41] in the full vectorial 
regime of Maxwell equations [42]. Similarly, the position- and frequency-dependent heat 
generation power density is given as the dissipated EM power density as described by the Joule 
effect [42] 
  (1) 
where ε0 is the vacuum permittivity, εr(r,ω) is the complex relative permittivity of the material 
located at position r and at the angular frequency ω associated to the incident radiation defined by 
the total electric field vector E. In the following we will consider nanocones of gold embedded in 
different dielectric media (water, borosilicate glass and silicon nitride). In this situation, we will 
assume the surrounding dielectric as a non-absorbing medium for the EM field and we will 
consider the heat exclusively generated by the Joule effect inside the metallic nanocone. 
When CW illumination is assumed, the temperature distribution can be calculated by adopting 
the heat transfer equation in its steady-state form, 
 ∇ · (κ∇T(r)) = −qabs(r,ω) (2) 
with κ being the thermal conductivity and where we have employed the Fourier law j = −κ∇T(r) 
relating the heat flux density j to the temperature gradient ∇T. The Fourier law can be used at 
nanoscale dimensions by incorporating small-size corrections to the thermal conductivity [36]. 
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However, since our estimates show that these corrections would not jeopardize the general 
conclusions of the present work (see Methods), for simplicity they have not been included in the 
3D FEM model. 
Material Relative permittivity 
εr 
Thermal conductivity  
κ (Wm−1 K−1) 
Water 1.777 (ref. [17]) 0.6 (ref. [17]) 
Gold ref. [43] 317.0 (ref. [12]) 
Glass 2.310 (ref. [44]) 4.0 (ref. [44]) 
Si3N4 4.064 (ref. [45]) 30.0 (ref. [46]) 
Table 1: Material physical parameters used in the 3D FEM model. 
The physical parameters describing the materials employed in the present work are presented 
in Table 1. All parameters are assumed to remain constant within the considered temperature 
ranges. No phase transition [44], bubble formation [47] or mass transfer (such as fluid convection 
[6, 14]) are considered. The frequency-dependent complex relative permittivity of gold is 
described by the Lorentz-Drude model following Rakić et al. [43]. 
2.2. Nanocone Geometry 
The nanocone is geometrically modeled by a conical shape with a hemispherical cap apex of radius 
r as represented in Figure 1. The hemispherical cap apex shape was chosen to resemble 
nanofabricated cones where the presence of an approximately spherical protrusion at the apex is 
commonly found [24, 30, 37, 40, 48]. The geometrical shape of the nanocone is completely defined 
by three parameters: the cone height h, the base radius d and the apex radius r. 
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Figure 1: Schematic of the simulated free standing nanocone. The incident illumination 
representing a wave polarized along the nanocone axis is also depicted. 
 
3. Results and Discussion 
3.1. Thermoplasmonics of Nanospheres 
Before tackling the 3D FEM numerical simulation of nanocones, we first consider the simple case 
of a gold nanosphere of radius R = 50 nm immersed in water [13, 15, 17, 49]. In this case, Equation 
(2) can be solved analytically [13, 17]. As κgold ≫ κwater, the temperature T in the nanostructure can 
be approximated as spatially uniform [12, 17]. The steady-state temperature increase is defined as 
∆T0 = T − T0 where T0 is the initial temperature of the sphere. After calculating the absorption cross-
section σabs from the exact analytical result given by Mie theory [41], ∆T0 is straightforwardly 
obtained from the analytical expression [1, 13] ∆T0 = σabsI0/(4πκwaterR) where I0 is the illumination 
intensity impinging on the nanosphere. On the other hand the absorption cross-section can be 
calculated from the numerical results by σabs = RV qabs dV/I0 where the integral of qabs is carried over 
the nanosphere volume V . Figure S1 summarizes the 3D FEM model and analytical results for the 
nanosphere showing excellent agreement between numerical results and theory (see Methods and 
Supporting Information). 
3.2. Thermoplasmonics of Nanocones 
The validated 3D FEM model was then employed to study metallic nanocones of different 
dimensions with a meshing strategy that ensures a numerically convergent result (see Methods 
and Supporting Information). We illustrate the 3D FEM model results in Figure 2 for a nanocone 
with height h ∼ 230 nm, base radius d = 100 nm and apex radius r = 5 nm immersed in water upon 
an incoming plane wave with electric field of intensity I0 = 13.33mW/µm2 polarized along the axis 
of the nanocone (z axis), Figure 2(a). The choice of water is motivated by the fact that this material 
is a common surrounding environment in experimental setups and applications [8, 11, 13, 47]. 
Differently from other theoretical studies employing lower intensities (1mW/µm2) but similarly to 
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some experimental works [12, 17], here a higher intensity [8, 47] was considered to easily identify 
thermoplasmonic effects (i.e. photothermal effects resulting in a temperature increase). Figure 
2(b) shows the resulting electric near field distribution for an incoming wavelength λ = 730 nm. 
The figure depicts an electric field enhancement |E/E0| ∼ 70 calculated 1 nm away from the 
nanocone in the surrounding environment. Figure 2(c) presents the EM power density, i.e. the 
heat generation density, with maximum heat generation also located at the nanocone apex. 
Although EM hotspots and spots of maximum heat localization are typically not spatially coincident 
[8, 15] as they originate from distinct regions where charge either accumulates or moves freely, 
respectively, Figure 2(b) and Figure 2(c) suggest that at particular apex resonances, both the EM 
hotspot and the generated heat are greatly confined at the apex, thus coexisting in a small volume. 
The corresponding temperature distribution is shown in Figure 2(d), where a temperature 
gradient between cone apex and base is clearly observed, as a result of the presence of a sustained 
maximum temperature increase localized at the apex, hence demonstrating the possibility of 
creating thermal hotspots also in sub-wavelength metallic structures. 
To illustrate the EM and temperature localization, we present 3D modeling results of the surface 
charge density and temperature for the visible wavelength range (∼ 400−800 nm), available as a 
supporting movie, for the same nanocone (height ∼ 230 nm, base radius = 100 nm and apex radius 
= 5 nm). The analysis of the 3D surface charge density of complex plasmonic objects such as 
nanocones or triangular prisms [50, 51] can reveal the spatial origin of the resonances and of the 
electric near field [21, 50, 52, 53] from the corresponding spatial accumulation (localization) of 
charge [52, 53]. In a physical picture, upon illumination characterized by an oscillating electric 
field, the conduction electrons in the nanocone oscillate along the direction of EM polarization 
inducing a charge accumulation at the nanocone surface associated with spatially localized 
resonances, e.g. nanocone apex resonance or nanocone base resonance. 
In the supporting movie, it can be seen that (i) for wavelengths in the 400−600 nm range the 
surface charge density is asymmetrically distributed on the nanocone surface forming complex 
patterns associated with the excitation of high-order modes [52, 54] (see Figure 2(e) and Figure  
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Figure 2: (a) Schematic of the nanocone with the red square representing the cut in the yOz plane. 
The incoming illumination is also shown with a polarization along z direction E = E0 exp(i(k0x − 
ωt))uz where k0 is the wavevector. The cone is immersed in water. (b) Electric near field in the cut 
plane represented in (a) for a nanocone with height h ∼ 230 nm, base radius d = 100 nm and apex 
radius r = 5 nm obtained with incoming I0 = 13.33mW/µm2 at λ = 730 nm. The inset represents a 
zoomed view of 40 nm side. (c) EM power density in the cut plane represented in (a) corresponding 
to the electric near field in (b). Similarly to (b), the 40 nm side inset represents the zoom view of 
the apex. (d) Temperature distribution in the cut plane represented in (a) for the heat power 
density of (c). The inset shows the temperature difference with respect to the base along the axis 
of the nanocone. The apex-to-base temperature difference ∆T is 12.8 K. (e) and (f) show 3D views 
of the surface charge density and the surface temperature distribution at λ = 470 nm (supporting 
movie frames). (g) and (h) show 3D views of the surface charge density and the surface 
temperature distribution at λ = 730 nm (supporting movie frames). 
S2(a)) and (ii) a transition to an apex-dominated mode, with charge accumulated at the apex, 
happens around 600 nm and reachs its maximum accumulation value at ∼ 730 nm (see Figure 
2(g)) corresponding to an apex resonance and keeping a similar 3D surface charge density 
distribution pattern for longer wavelengths. The charge localization at the apex is the result of two 
combined physical mechanisms: The excitation of localized plasmon polaritons and the lightning-
rod effect [23, 55, 56]. Particularly, when an electric field polarized along the nanocone axis is 
incident with a wavelength allowing for an apex resonance, the excitation of localized plasmons 
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polaritons on the nanocone surface [23, 57] results in rotationally symmetric induced surface 
charge accumulation with maximum amplitude at the outermost point of the nanocone apex (see 
e.g. Figure 2(g)). In terms of EM field, the charge accumulation at the apex induces an electric near 
field enhancement (Figure 2(b)). 
The supporting movie also shows the calculated temperature distribution at the surface of the 
nanocone as function of the incoming excitation wavelength. Interestingly, the temperature 
distribution in the 400−600 nm range shows a higher absolute temperature in the body than in the 
apex of the nanocone (see Figure 2(f)). This result is easily understood by looking at the surface 
charge density which, as shown in Figure 2(e), forms complex patterns along the nanocone surface 
resulting in an EM near field (Figure S2(a)) that confirms a distribution of EM power density over 
the nanocone body, as shown in Figure S2(b). A notable change in temperature distribution takes 
place around 600 nm, with the temperature maximum and minimum positions being exchanged, 
establishing a temperature distribution whose maximum is then located at the apex of the 
nanocone, as highlighted by Figure 2(h). A careful comparison of Figure 2(f) and Figure 2(h) also 
reveals a more uniform temperature distribution (and of higher absolute value) in the former case 
with modest temperature differences along the cone (maximum ∼ 3K). This is once again 
associated to the EM mode distribution in the cone, with the λ = 470 nm case showing a much more 
extended mode (Figure 2(e)) than the strongly localized λ = 730 nm case (Figure 2(g)). 
These results demonstrate that an apex-to-base temperature gradient can be generated in 
subwavelength metallic nanocone structures under CW illumination. These are intriguing results 
especially considering that the appearance of temperature gradients within conical structures had 
been previously observed only in µm-sized Scanning Tunneling Microscopy tips [58] or Atomic 
Force Microscopy tips [36]. In turn, our findings show that strong temperature gradients can arise 
in nanocones with sub-wavelength (< 400 nm-long) dimensions. 
To understand the appearance of temperature gradients in illuminated nanocones with 
subwavelength dimensions we resort to a simple model by studying the thermal resistance of a 
nanocone assuming the heat source is localized in the spherical volume of its apex, inspired by  
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Figure 3: (a) Electric near field enhancement calculated 1 nm away from the outermost point of the 
nanocone apex, (b) integration of EM power density in the nanocone spherical apex volume 
(generated heat power at the apex volume) and (c) apex-to-base temperature difference for 
nanocones of different heights (base radius d = 100 nm and apex radius r = 5 nm) immersed in 
water with incoming intensity I0 = 13.33mW/µm2 and electric field polarized along the nanocone 
axis. 
Figure 2(c). In this situation we consider the approximation that the heat transport is mainly one-
dimensional (1D) along the cone axis (Oz direction). The thermal resistance Rth of a truncated cone 
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of height l (e.g. l = h in Figure 1) can thus be calculated through the 1D integration [36] with 
) where Al is the circular cross-sectional area perpendicular to the axis of 
the truncated nanocone. The result of the integration is plotted in Figure S3(a), showing a strong 
increase of the thermal resistance when approaching the apex. To further illustrate this aspect, we 
have divided the truncated cone in three segments of height l = h/3 and we have calculated the 
thermal resistance in each truncated segment using the aforementioned 1D integration model. The 
integration yields Rth,bottom < Rth,middle < Rth,top with 3.0 × 104 K/W, 4.4×104 K/W and 8.2×104 K/W, 
respectively, thus suggesting the establishment of a higher temperature value at the top truncated 
segment when compared with the temperature in the bottom segments. This temperature profile 
is confirmed by Figure S3(b) where we used the Rth model to estimate the temperature difference 
∆T with respect to the nanocone base along the nanocone axis. Furthermore, Figure S3(b) shows 
a good agreement between the estimated ∆T and the ∆T obtained by 3D FEM simulation for a heat 
source localized in the spherical apex volume (see Figure S3(b) inset). These results highlight that 
the illustrated 1D thermal resistance model can qualitatively explain how a temperature gradient 
can be established in illuminated nanocones having a dominant heat source localized at the apex. 
3.3. Parameters Affecting the Temperature Gradient 
Among the parameters to be considered when it comes to engineer a temperature gradient inside 
of a sub-wavelength metallic nanocone, we can surely list the cone geometry. In this respect we 
performed simulations with different nanocone heights ranging from 100 to 390 nm (fixed cone 
base radius d = 100 nm and apex radius r = 5 nm) immersed in water, over visible and near-infrared 
wavelengths with an incoming plane wave with electric field polarized along the nanocone axis. 
Figure 3(a-c) show the near field enhancement |E(z = apexsurface+1nm)/E0|, the calculated EM 
power at the spherical apex volume (which is a fraction of the total absorbed power that is typically 
distributed along all the nanocone, as can be obtained from the absorption crosssections reported 
in Figure S4) and the corresponding apex-to-base temperature difference, i.e., temperature 
gradient, in the nanocone as function of the incoming wavelength, respectively. For each different 
nanocone height we can point out (i) a temperature gradient, as promoted by the thermal hotspot, 
is associated with an apex resonance, EM hotspot, that effectively localizes the EM power in the 
apex, (ii) while the nanocone first order resonance generally produces the largest near field 
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enhancement [57], the high-order resonances even though carrying less pronounced near field 
enhancements (more evident in longer cones) tend to more effectively localize the EM power 
density in the apex (see also Figure S5) and (iii) a high field enhancement does not necessarily 
imply a strong temperature gradient, instead, a strong temperature gradient in the nanocone 
requires the proper combination of high EM power absorption in the apex volume (thus 
establishing a dominant heat source localized at the apex) with well defined EM hotspots. 
Furthermore, by increasing the nanocone height, a red-shift of the apex resonances, evidenced in 
the electric field enhancement, can be observed [57, 59] together with a red-shift of both the apex 
power peaks and the temperature gradient. Interestingly, an increase of the cone height also 
determines an increase of the generated temperature gradient, a trend easily understood by 
recalling that a longer cone means longer distance between the thermal hotspot, located at the cone 
apex, and the cone base. 
Besides the cone geometry, another important parameter for establishing a strong temperature 
gradient is the kind of environment surrounding the metallic nanocone. In fact, in the uniform 
temperature approximation, the temperature distribution does not depend on the thermal 
conductivity of the surrounding medium up to a constant normalization factor [12, 14, 17]. In 
contrast, in a nanocone where the heat source is localized at the apex close to the boundary 
between media with different thermal properties, the temperature distribution depends on the 
relative ratio of the conductivities of the different media [14]. For this reason we performed EM 
and thermal 3D FEM simulations with different surrounding materials. 
In Figure 4 we report the temperature distribution, normalized to the apex temperature, for 
three surrounding environments. Here we chose water (Figure 4(a)), followed by borosilicate 
glass (Figure 4(b)) and silicon nitride (Figure 4(c)), the latter ones being chosen as two relevant 
materials from a nanofabrication perspective [44] and having a larger thermal conductivity than 
water. Our simulation results show that by embedding nanocones in a surrounding environment 
of larger thermal conductivity (i) the maximum absolute temperature reached at the apex 
decreases and (ii) the temperature localization at the apex is more pronounced. These results are 
understood by simply recalling the physical meaning of thermal conductivity as a measure of the  
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Figure 4: Temperature distributions (normalized to the maximum temperature, reached at the 
apex) in nanocones of ∼ 230 nm height, 100 nm base radius and 5 nm apex radius embedded under 
apex resonance excitation. The in (a) water, (b) borosilicate glass and (c) silicon nitride thermal 
conductivities for each of the materials used in the simulations are highlighted at the top of the 
figure. The nanocones are excited at their respective apex resonance wavelengths. The absolute 
temperatures reached at the apex are (a) T ∼ 460 K, (b) T ∼ 329 K and (c) T ∼ 303 K. The apex-to-
base temperature differences ∆T are (a) ∆T ∼ 12.8 K, (b) ∆T ∼ 329) ∆T ∼ 12.1 K and (c) ∆T ∼ 6.5 K. 
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ability of a material to conduct heat. In case of surrounding media with sufficiently large thermal 
conductivity (with respect to the metallic nanocone), the heat produced within the cone will, 
through a typical diffusive process, more easily find a runaway path to the environment than in the 
case of media with smaller thermal conductivity, hence effecting the nanocone in terms of lower 
temperature and higher localization. In other words, when increasing the thermal conductivity of 
the surrounding environment, more heat will diffuse away through the environment, escaping the 
nanocone instead of propagating from the tip to the base. 
Additionally, complementary to the study of the temperature distribution, in Figure S6 we 
present the apex-to-base thermal resistance (calculated between the center of the spherical apex 
and the center of the circular base of the nanocone) of the h ∼ 230 nm nanocone varying the 
thermal conductivity of the surrounding environment. Here a 3D FEM simulation mimics an apex 
resonance with a spherical heat source with power density 1.6 × 1019 W/m3 (see Figure 2(c)) 
localized at the nanocone apex as depicted in Figure S3(b) inset. The results show that for a 
weakly conducting surrounding environment (small thermal conductivity), the apexto-base 
thermal resistance does indeed depend on the dimensions of the cone, with longer cones showing 
larger thermal resistances. When increasing the thermal conductivity of the surrounding 
environment, more heat flows towards the environment contributing to reduce the apex-to-base 
thermal resistance thus lowering the absolute value of temperature increase reached at the apex. 
For higher values of thermal conductivity of the surrounding environment ∼ 100Wm−1 K−1, the 
apex-to-base thermal resistances tend to converge to the same value regardless of the cone height 
and the chosen surrounding environment. Once again, this is easily understood by considering that 
an increase of the thermal conductivity of the surrounding medium will let the heat escape from 
the nanocone, hence determining a reduced role of the cone dimension in influencing the thermal 
resistance. 
Finally, an additional aspect affecting the temperature gradient is the small-size effect on the 
thermal conductivity of gold as we approach the apex. For simplicity, this effect is not incorporated 
in our model, however we estimate its influence in the Methods Section based on an analytical 
16 
model of the thermal conductivity. The main result is that the value of the thermal conductivity of 
gold is reduced (with respect to the bulk value) for smaller dimensions and thus, for the same 
power density delivered to the apex, a comparatively larger apex temperature value and larger 
apex-to-base temperature difference ∆T are obtained. This result can be easily understood by 
employing the 1D thermal resistance model where the thermal resistance (directly proportional to 
the temperature difference) is inversely proportional to the thermal conductivity of gold and thus, 
as the thermal conductivity is reduced, the temperature difference would increase. Given the 
strong reduction in the thermal conductivity for small dimensions (see Methods Section and 
Supporting Information), a large enhancement of the gradient towards the apex is expected. 
4. Conclusion 
In this work we have built and validated a 3D FEM model used to reveal the thermoplasmonic 
properties of a single metallic sub-wavelength nanocone under continuous wave illumination. Our 
results show that sub-wavelength nanocones can generate a dominant heat source localized at the 
apex as a result of excitation of an EM hotspot, hence providing the possibility to shrink the spatial 
dimensions of the heat source from the entire nanostructure down to some of its parts [60]. More 
importantly, it is also found that the presence of a dominant heat source at the apex can induce a 
temperature gradient in the nanocone. This finding is especially intriguing considering the small 
nanocone dimensions (i.e. smaller than the illumination wavelength) as the diffusive nature of heat 
could hint at the establishment of a uniform temperature over the whole metallic nanostructure 
given that the thermal conductivity of the nanocone is larger than the surrounding environment 
[17]. We have then analyzed the role of both the nanocone dimensions and the surrounding 
environment with respect to the formation of a temperature gradient within the nanocone. We 
have explained these results through numerical simulations and a 1D thermal resistance analytical 
model. Overall we have found that through a proper engineering of shape, dimensions and 
employed materials it is possible to achieve and fully exploit the localization of heat sources within 
nanostructures [61]. 
Finally, nanoscale temperature localization and generation of temperature gradients in 
nanocones are promising features in terms of applications. It is important to stress that to this end 
we would consider a device integrating a large number of nanocones, a scenario already 
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demonstrated in previous reports [40, 48]. The actual response of the device would be controlled 
by illumination parameters such as polarization and angle (e.g. tilted illumination) and by the device 
material and geometrical characteristics such as the spatial arrangement of the nanocones (e.g. 
randomly or perfectly aligned nanocone arrays). In this regard, we go one step further to anticipate 
that the effect of tilting the incoming illumination (Figure S7) is of strong importance in assuring an 
individual response of the nanocone in promoting nanoscale temperature gradients. Furthermore, 
the electromagnetic and thermal response of the whole device can be strongly dependent on the 
collective effects of neighboring particles as demonstrated in previous reports [62–64]. Indeed, 
determining the photothermal response of an array of nanocones is not trivial [18] and requires a 
dedicated study as an important intermediate step towards applications employing a great number 
of nanocones. Regarding the potential application areas, it can be envisioned the possibility of 
nanoscale delivery of heat to small bodies like molecules or cells, to thermally induce the 
nanosynthesis of materials or to locally activate nanofabrication processes, to enhance optical 
nanotweezers owing to the presence of high degree of temperature gradient [21] also in conjunction 
with nanofluidics control [7, 65], or even for thermoelectric power generating devices [66]. 
5. Methods Section 
3D FEM Model: The 3D FEM modeling study was built and performed in a commercial FEM software 
(COMSOL Multiphysics). 
The EM scattering problem was solved using the “Electromagnetic Wave” (emw) module, 
where the electric field distribution was calculated through a scattered field formulation using a 
spherical perfectly matching layer (PML) enclosing the spherical modeling domain (nanocone and 
surrounding environment) to avoid unphysical reflections on the boundaries. The illumination 
consisted of a linearly polarized monochromatic plane wave with vacuum wavelength λ polarized 
along the Oz axis. The overall numerical domain geometry is spherical with radius 1.5λ (size of the 
modeling domain = λ and PML overlayer = λ/2). The amplitude of the plane wave |E0| is calculated 
for the incoming illumination intensity I0 following I0 = nε0c|E0|2/2 where n is the refractive index 
18 
of the surrounding environment, c is the speed of light and ε0 is the vacuum permittivity. The 
refractive index of the surrounding environment is related with the relative permittivity through 
n = √εr. For the calculation of temperature distribution, the “Heat Transfer in Solids” (ht) module 
was used. The same FEM mesh is employed in both emw and ht modules. The generated heat qabs 
(Equation (1)) is inserted as a heat source term in the thermal diffusion equation (Equation (2)). 
For the ht module, spherical infinite elements (IE) enclose the modeling domain, simulating an 
unbounded background with room temperature T0 = 293.15K, intended to set a temperature T0 
very far away from the modeling domain (nanostructure and surroundings). The implemented IE 
layer was sufficiently thick to ensure convergence of the temperatures inside the modeling domain. 
3D FEM Model Validation: The 3D FEM model validation results are shown in Figure S1 where 
a gold sphere of 50 nm radius immersed in water is illuminated by an incoming plane wave with 
electric field polarized along z with intensity I0 = 1.33mW/µm2. Figure S1(b) and Figure S1(e) 
present the electric near field intensity mapping at the nanosphere resonance wavelength, λ ∼ 570 
nm. Figure S1(c) and Figure S1(f) present the heat generation density mapping. Figure S1(g) 
shows the absorption cross-section obtained from the 3D FEM as a function of the wavelength with 
excellent agreement between the numerical results and the absorption cross-section calculated 
with Mie theory. Figure S1(h) shows the corresponding FEM modeling results for the temperature 
distribution. The temperature distribution inside the nanosphere is approximately uniform despite 
the strongly non-uniform heat generation density, as also noted in refs. [8, 14, 17]. In Figure S1(i) 
we show the calculation of the temperature increase ∆T0 obtained by the 3D FEM model together 
with the result of the analytical calculation. Figure S1(i) shows excellent agreement between the 
two results thus validating the 3D FEM model. 
Error Analysis: The main sources of inaccuracies that can affect the 3D FEM model result are 
inaccuracies in calculation of the electric near fields and inaccuracies in calculations of the 
temperature distribution. Once a PML and IE overlayers are correctly set (as could be assessed by 
the validation example, see Figure S1), the inaccuracies are linked to meshing errors, reduced 
number of mesh elements in addition to inappropriate mesh elements for the geometry and the 
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physical processes being modeled. For the physical process modeled, we anticipate an EM hotspot 
in the vicinity of the apex and a strong heat generation inside the apex volume. Consequently, to 
resolve these, we appropriately generate a higher mesh density inside the apex volume and 
implement mesh refinement steps in the apex surface. An example of the generated mesh is shown 
in Figure S8. 
To estimate the effect of the size of elements of the FEM mesh in the obtained values of electric-
near field and temperature, we perform a typical mesh convergence study by gradually changing 
the maximum mesh element size with respect to the incoming wavelength λ (which sets the 
simulation domain size) from 0.1λ to 0.6λ. A smaller maximum element size is generally linked with 
a larger total number of elements. Along the simulated wavelengths, the total number of elements 
varies in the range 3−6 × 105. Figure S9 shows the result of the mesh convergence study where the 
normalized near field enhancement 1 nm away from the outermost point of the apex and the 
normalized temperature of the nanocone apex at the center converge with less than 1% error as 
the size of the larger elements in the generated mesh decreases (finer mesh) to 0.1λ — the value 
used in the 3D FEM model simulations. We note that regardless of the value of the larger element 
size, the apex surface undergoes mesh refinement, resulting in very fine elements at the surface 
effectively resolving the EM hotspot (Figure S8). 
Temperature and Small-Size Corrections to the Gold Thermal Conductivity: In the 3D FEM model 
we considered the bulk values of the thermal conductivity of materials Table 1 (without small-size 
corrections). Since the electron mean free path in gold at room temperature is ∼ 40 nm [67] and 
the thermal conductivity of gold is mostly contributed by electrons, small-size effects at dimensions 
smaller than the electron mean free path can potentially influence the thermal conductivity. The 
thermal conductivity is dependent on the temperature T and on the characteristic dimension of the 
structure dc, being given by [68] κgold(dc,T) = Ce(T)vF ℓeff(dc,T)/3 where Ce is the electron heat 
capacity per unit volume, vF is the Fermi velocity and ℓeff(dc,T) is the sizeand temperature-
dependent effective electron mean free path. The effective electron mean free path is given by [36]
 where ) is the electron mean free path (see supporting information 
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in Figure S10) and the dimension dc can be taken as the diameter of the circular cross-section of 
the nanocone. The dimension dc decreases as we approach the apex of the nanocone, yielding a 
reduction of thermal conductivity κgold(dc,T) with respect to the bulk value. In Figure S10 we 
present a simple evaluation of the thermal conductivity of gold κgold(dc,T) as function of 
temperature T and dimension dc. While in the temperature range under consideration (300−500 
K) the variation in the value of the bulk thermal conductivity of gold is considerably modest, see 
Figure S10(a), the reduction in the thermal conductivity κgold due to small-size effects can be 
dramatic. Indeed, in Figure S10(b) κgold is reduced to ∼10% of the bulk conductivity value (taken 
as in Table 1) when dc = 10 nm (diameter of the nanocone apex). We thus anticipate that the 
thermal conductivity reduction due to small-size effects in the nanocone apex region would result 
in a larger absolute temperature value. Correspondingly, the apex-tobase temperature difference 
would also be expected to increase when the thermal conductivity is reduced, as can simply be 
analyzed through the inverse relationship between Rth and κgold in the 1D thermal resistance model. 
Therefore, we point out that the absolute value of temperature and temperature difference 
obtained in this study should be taken as a lower bound. 
Supporting Information 
Supporting Information is available from the author. It includes a Supporting movie (.mp4) and a 
Supporting information PDF file (.pdf) with Figures S1-10. Thermoplasmonics of sphere with R = 
50 nm in water. FEM mesh and mesh refinement result. Mesh convergence study. Supporting movie 
description. Apex-to-base thermal resistance model and results. Thermal conductivity of Au as 
function of temperature and length scale. Apex-to-base thermal resistance of cones with different 
heights. 
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